movement within their confined spaces. Immobilized animals maintained a normal, 23 uncompressed morphology in a hydrated environment and could be exposed to different 24 aqueous chemicals. We focus in particular on the nematode C. elegans, an organism that is 25 typically viewed with paralyzing reagents, nanobeads, adhesives, or microfluidic traps. The 26 hydrogel is optically clear, non-autofluorescent, and nearly index-matched with water for use 27 with light-sheet microscopy. We captured volumetric images of optogenetically-stimulated 28 responses in multiple sensory neurons over 14 hours using a diSPIM light-sheet microscope, 29 and immobilized worms were recoverable and viable after 24 hours encapsulation. We further 30 imaged living pygmy squid hatchlings to demonstrate size scalability, characterized 31 immobilization quality for various crosslinking parameters and identified paralytic-free 32 conditions suitable for high-resolution single cell imaging. PEG hydrogel encapsulation enables 33 continuous observation for hours of small living organisms, from yeast to zebrafish, and is 34 compatible with multiple microscope mounting geometries. Fluorescence microscopy has had a profound impact on biomedical research, providing spatial and 3 temporal information about gene expression, molecular dynamics, morphology of labeled structures 4 (Chalfie et al., 1994 ) and functions such as genetically encoded calcium indicators (GECIs) that 5 indicate activity of electrically-excitable cells (Knöpfel, 2012) . While many imaging experiments last 6 only minutes per sample, long-term time-lapse microscopy can indicate changes in more gradual 7 processes lasting hours or days. These longitudinal studies require reliable immobilization of the 8 sample during imaging periods while simultaneously preserving the organism's health and 9 maintaining the function of fluorescent markers. Thus, methods of immobilization must be 10 compatible with required environmental conditions such as hydration, temperature, and nutrition, 11 and with imaging parameters for maximal signal with minimal phototoxicity and sample 12 perturbation (Laissue et al., 2017) . 13 14 Small model organisms are widely used for in vivo studies of basic physiology and systemic 15 responses. The nematode Caenorhabditis elegans is a particularly useful model organism due to 16 its <1 mm size, optical transparency, short life cycle, and ease of genetic manipulation. Standard 17 methods for immobilization of C. elegans include treating the organism with paralyzing reagents 18 such as the mitochondrial inhibitor sodium azide or the acetylcholine agonists tetramisole or 19 levamisole (Shaham, 2006) . However, chemical paralytics have disadvantages: azide causes gradual 20 fluorophore bleaching, whereas tetramisole contracts the body, altering some physical 21 structures. Additionally, these anesthetic reagents have toxic effects on the worm when applied 22 during long-term studies. Another method mechanically immobilizes worms with nanobeads (Kim 23 et al., 2013) and is advantageous for studies in which recovery and long-term animal health post- 24 imaging are needed, such as after laser axotomy or laser cell ablation (Fang-Yen et al., 2012). In 25 both chemical and nanobead immobilization, the animal remains in a closed environment 26 sandwiched between a cover slip and an agar pad throughout the duration of the experiment, 27 preventing the application of external probes (such as a microinjection needle) or chemical stimuli 28 for neurosensory or physiological studies. Further, the closed environment limits gas exchange 29 and leads to hypoxic conditions within minutes (Jang et al., 2016) . Microfluidic traps can 30 immobilize animals in small confined geometries for neural recordings (Chronis et al., 2007) , parallel 31 animal imaging (Hulme et al., 2007) , and worm sorting applications (Aubry et al., 2015) , and some 32 have the ability to present chemicals quickly and precisely (Chronis et al., 2007; Larsch et al., 33 2013). For worm immobilization in physically accessible and open environments, animals have been 34 glued for electrophysiology (Goodman et al., 2012) or mounted under paraffin oil for microinjection 35 (Evans (ed.), 2006). In both cases, animal health can deteriorate over time and the immobilization 36 methods are not compatible with long-term studies. 37 38 An alternative approach to immobilization encapsulates the sample in a three-dimensional hydrogel. 39 Low-melting-point agarose is used to immobilize larger samples such as zebrafish (Renaud et Here, we explore the use of PEG hydrogels as an embedding medium for continuous long-term 13 imaging. In particular, we have developed a rapid, convenient method for mounting and 14 immobilizing C. elegans that gently encapsulates the worm in a non-toxic, photosensitive PEG 15 hydrogel, trapping it within a small confined volume. The covalently-crosslinked hydrogel 16 immobilizes worms within seconds of light exposure, holds them permanently for long-term studies, 17 yet can be easily broken to recover animals. The encapsulation process uses standard lab equipment 18 and readily-available materials, works with any size organisms, including all larval and adult stages, 19 and can occur at any desired temperature, unlike thermally-gelling hydrogels that require heating or 20 cooling. The method is versatile, compatible with a wide range of hydrogel size, stiffness and 21 diffusivity, and the degree of animal constraint can be controlled. Here, we characterize the speed 22 and quality of immobilization for high-resolution imaging under varying conditions including light 23 sources, substrates, polymer concentrations, and buffer conditions. The flexibility of worms allows 24 some movement within their confined spaces, and small-scale movements can be further limited 25 by temporary introduction of paralysis reagents, or by crosslinking under hyper-osmotic 26 conditions without any paralytic chemicals.
28
Additionally, we show here that PEG hydrogel encapsulation is ideally suited for light sheet 29 fluorescence microscopy (LSFM), an attractive imaging modality for continuous long-term 3D 30 imaging because it reduces photobleaching by more than an order of magnitude compared hydrogels that are nearly index-matched with water. 38 39 Overall, PEG hydrogel encapsulation is a rapid, gentle, versatile, and inexpensive alternative 40 mounting method useful for continuous long-term imaging, in an open format that may benefit 41 other C. elegans techniques such as laser ablation and microinjection, and scalable to other 42 model organisms such as Drosophila and zebrafish. 
RESULTS

2
Immobilization of C. elegans within PEG hydrogels 3 4 Encapsulation of animals in a PEG hydrogel comprises the following steps: preparing a glass 5 slide base and cover, placing spacers that determine hydrogel geometry onto the glass slide 6 base, pipetting the hydrogel precursor solution, picking animals into the precursor droplet, 7 covering the droplet with a cover slip, and crosslinking the hydrogel by brief exposure to light 8 ( Fig. 1A) . During light exposure, the hydrogel increases viscosity until gelation up to the surface 9 of the embedded worm (Supplementary Video 1) . After crosslinking, the animals were fully 10 encapsulated in the hydrogel, preventing large movements beyond their encapsulated space 11 ( Fig. 1B) . Encapsulation occurred within seconds and could last for days, as animals could not 12 escape. The flexibility of animals and the hydrogel enabled some movement within this 13 confined space during contraction of body wall muscles, mostly anterior/posterior translation 14 along the body axis and less frequently axial rotation (Supplementary Video 2). Gravid adults 15 could also lay eggs into the encapsulation space. Differential interference contrast (DIC) images 16 at 100x magnification showed minimal change in cellular morphology in animals embedded in a 17 10% PEG hydrogel. 18 By comparison, conventional worm mounting requires melting agarose into a thin pad, 19 picking animals onto the pad, adding a chemical or mechanical immobilizer, and covering with a 20 cover slip (Fig. 1A) . Animals exposed to 25 mM sodium azide, which inhibits mitochondrial 21 function and thereby relaxes muscle tone, can take an hour or more to fully immobilize ( nanobeads more quickly than with azide, but they could still move gradually over hours ( Fig.   25   1D ). For effective nanobead immobilization, animals were compressed causing an apparent 26 increase the width of the worm . 27 Animals of all stages, from eggs to larval stages to adults, could be mounted in the same 28 hydrogel (Fig. 1E) . Encapsulated animals were recoverable by breaking the hydrogel with gentle 29 pressure from a worm pick or fine-point forceps (Fig. 1F) . After 24 hours of hydrogel 30 encapsulation, young adult C. elegans remained mostly viable; of 241 worms, 207 (86%) 31 crawled away upon release. 
13
Parameters affecting PEG hydrogel crosslinking 14 15 The mechanical, diffusive, and optical properties of PEG hydrogels can be tuned via 16 monomer chain length and concentration (Bryant and slips that absorb strongly at UV-B wavelengths (Supp. Fig. 1 ), such as those made from soda- 13 lime glass and many plastics, require extended exposure times.
14 Hydrogel geometry had a minor effect on crosslinking rates. Thinner hydrogels (100 µm vs. were normalized such that area under each curve matched total output power.
28
Effects of buffer conditions on immobilization of C. elegans for microscopy 29 30 Because encapsulated animals could push against the hydrogel and move or rotate slightly, we 31 explored modifications that would reduce micron-scale movement for long-term high- 32 resolution microscopy ( Fig. 3) . Micron-scale movement was quantified by tracking nuclei over 3 33 mins (Supp. Photobleaching observed when using sodium azide contributed a majority of the M.I. compared 8 with tetramisole, as apparent in individual worm M.I. traces (Supp. Fig. 5 ). 9 10 Toward paralytic-free tight immobilization, we explored the ability for cooling temperatures or for improved imaging. 16 17 Buffer osmolarity changes body size, shrinking animals in hyper-osmotic solutions over the 
13
Imaging neural activity in encapsulated adult worms with light sheet microscopy 14 15 Hydrogels are nearly index-matched with water, therefore suitable for light sheet microscopy. 16 We used PEG hydrogel immobilization to image young adult C. elegans for up to 14 hours after 6 h and 13.5 h at room temperature (Fig. 4) . Responses in AWAL declined over the first 22 hour, and while present at the beginning of 6 h and 13.5 h trials, declined further over time. 23 AWAR response magnitude declined about 2-fold over 14 hrs in the cell body and 5-fold in 24 neurites. Encapsulation and imaging of squid hatchlings 11 Soft mounting methods are especially important for flexible specimens, such as marine 12 organisms. We encapsulated three-day old pygmy squid hatchlings in 1.2 mm thick, 4 mm 13 diameter 16% PEG hydrogel disks under anaesthesia and transferred them to sea water for 14 recovery (Fig. 5) . After several minutes, hearts were beating and chromatophores actively 15 opened and closed, indicating recovery of muscular behavior in internal structures. External 16 structures in contact with the hydrogel, including arms, fins, and mantle, were immobilized. 17 Prior to encapsulation, squid were stained with 1 uM BODIPY C3 succinimidyl ester dye to 18 generally label cell boundaries throughout the organism (Fig. 5C) . A volumetric stack was 19 obtained using the diSPIM light sheet microscope through the tip of one arm of the squid ( elegans by hydrogel encapsulation was as simple as, or potentially easier than, standard 14 agarose preparations, and offers several advantages. The hydrogel material is inexpensive 15 ($10/mL or 1¢/µL) and photocrosslinking equipment is already present in most biological labs. Higher PEG-DA concentration reduced crosslinking time, as reported previously (Hockaday et   21 al., 2012), and stiffer hydrogel disks were easier to handle than weaker ones. However, animal 22 immobilization was as good in 12% gels as in stiffer 20% gels (Supp. Fig. 6 ). This suggests that a 23 concentration of 12% may be optimal for worm immobilization with higher diffusivity when gels 24 needn't be moved, while higher concentrations may be preferred if gels need to be transferred scavenging the initiator radicals, slowing or preventing gelation. Thus, PEG-DA solutions 29 exposed to air do not gel, and hydrogel disks formed between glass slides retain a ~100 µm 30 border of ungelled polymer where exposed to air (Fig. 1E) Animal Welfare Act, care and use of I.paradoxus in this work followed its tenets, and adhered to 18 EU regulations and guidelines on the care and use of cephalopods in research. slide/cover slip sandwich was then placed over a UV light source and illuminated until gelation, 6 5 -100 sec (depending on lamp power and hydrogel concentration). The sample was either 7 observed immediately or the hydrogel disk was exposed by lifting the cover slip and adding a 8 drop of aqueous solution over the disk. Hydrogel disks could be transferred to wet agar dishes 9 to keep embedded animals hydrated. 10 11 12 Mounting C. elegans for observation with differential interference contrast (DIC) 13 14 For hydrogel encapsulation, 5 µL of a 10% PEG hydrogel with 0.1% I2959 containing late L1/L2 buffer with 25 mM sodium azide was placed on a 1% agarose pad that also contained azide. 21 Animals were picked into this droplet and a cover slip was placed on top before imaging.
22
Alternatively, a 0.25 -0.5 µL drop of polystyrene nanobeads (100nm, Polysciences, Inc.) was 23 placed on a 10% agarose pad prior to adding animals, a cover slip, and imaging (Kim et al., 24 2013). 25 
27
Recovery of C. elegans from PEG hydrogels 28 29 Young adult worms were embedded in 5 µL 20% PEG hydrogels with 0.1% I2959 by crosslinking 30 for 15 s at 312 nm on an unsilanized glass slide with 100 µm tape spacers. Hydrogels were 31 transferred to an agar plate to keep hydrated and were stored at room temperature (22-23°C 32 degrees). After 24 hours, hydrogels were separated with tweezers and animals were scored for 33 viability (movement and pharyngeal pumping). Some animals were transferred to cover slips 34 with 1% agarose pads for imaging.
36 37
Characterization of light sources and crosslinking conditions 38 39 Several ultra-violet (UV) light sources were used for crosslinking the hydrogel: a gel box Scientific Multiskan Spectrum). 8 9 The hydrogel crosslinking time was determined optically by monitoring movement of young 10 adult worms during crosslinking. Gels of varying PEG-DA concentration, photoinitiator 11 concentration, and geometry (spacer thickness and volume) were compared for each light 12 source. Videos were captured at 1 frame/s using a Leica S6D stereoscope, converted to 13 reflectance illumination by replacing one eyepiece with a white LED lamp, and recording via the 14 opposite eye path with a UniBrain Fire-I 580c camera. Animal movement was analyzed by 15 comparing frame-to-frame image differences in ImageJ. Crosslinking time was determined as 16 the time until image difference measurements reduced to within 1 standard deviation of noise, 17 and verified visually during observation of videos. 18 19 20 Quantification of movement of hydrogel-embedded animals 21 22 Young adult QW1217 worms with pan-neuronal expression of nuclear-localized mCherry were Animal movement was analyzed by comparing frame-to-frame image differences (Supp . Fig. 4) . 36 First, the absolute value differences between each pair of consecutive frame averaged pixel 37 intensities were calculated. Next, the difference image stack was smoothed (average of its 3 × 3 were used to determine the range of axial movement by the animal. 6 7 Long 
